Applying flow cytometric single cell analysis, we compared the performance of w excitation from argon ion and HeCd l a s e s using various wecitable fluorochromes of cell kinetic and cell physiological relevance. The AT-specific DNA fluorochromes DAPI, Hoechst 33258, and Hoechst 33342 showed no significant differences of GI-phase resolution and cell cyde distribution. With the HeCd laser, highresolution cell kinetic analysis applying the novel BrdUl Hoechst-PI quenching technique showed superior resolution and an almost normalized GzMlGi channel ratio of the fmt cell cycle. Indo-1 analysis for detection of intracellular free calcium gave similar results for both excitation sources, although the indo-l ratio of activated cells was lower for HeCd excitation. Monochlorobimane as an indicator fluorochrome of glutathione content could not be excited sufficiently with the 325-nm line of the HeCd laser and exhibited poor resolution between positive and negative cells. However, the second glutathione-specific fluorochrome 0-phtalaldehyde gave even better results with the HeCd laser. Our data indicate that air-cooled HeCd lasers are cheap and reliable Wexcitation sources for most w-excitable fluorochromes, and might be an alternative to the expensive water-cooled argon and krypton laser (J Itistochem Cytochem 40:451456, 1992)
Introduction
Analysis of cell genetic andlor physiological properties using flow cytometry is dependent on the availability of specific fluorescent markers. The argon ion laser with the 488-nm excitation line is used frequently as a long-lived and stable excitation source. However, certain fluorochromes unique in their cellular staining specificity require w excitation. DAPI gives the best coefficients of variation (CV) in DNA fluorescence measurements (5, 12) , and Hoechst 33342 is the only DNA fluorochrome available allowing viable cell staining of DNA and sorting according to DNA content (1,9,11). Furthermore, the BrdUIHoechst-PI quenching technique is a novel method of cell kinetic analysis for quantification of cell proliferation. It enables discrimination of up to three consecutive cell cycles in studies of the effects of drugs and growth factors (7, 8, 14) .
For analysis of glutathione levels in viable cells, monochlorobimane (MCLB) and o-phtalaldehyde (OPT) are used frequently for analysis of cellular glutathione levels (15, 21) . Another viable cell fluorochrome for characterization of the activation status of cells is indo-1. At the present time it is the best fluorochrome available for flow cytometric analysis of cytoplasmic Ca2+. The spectral properties of indo-1 allow ratio measurements at two emission wave lengths (single laser, w excitation) yielding data independent of intracellular dye concentration, cell size, and instrumental variations (4, 6, 13 ).
In laser-based flow cytometers the most common uv excitation sources are argon lasers, and sometimes krypton lasers are used for this purpose. However, short lifetimes, costs for maintenance such as water cooling and high consumption of electricity and, finally, high equipment costs have limited the use of these w-excitation sources in the past.
The aim of the present study was to compare the performance of air-cooled HeCd and water-cooled argon ion lasers for relevant cell genetic and cell physiological applications requiring uv excitation. Using flow cytomeuy, we show that similar results are obtained for DNA analysis with DAPI, Hoechst 33258, Hoechst 33342, and for Ca2+-flux analysis using indo-1. Cell kinetic studies applying the BrdUIHoechst-PI quenching technique and intracellular glutathione determination with OPT gave even better resolution with 325-nm excitation of the HeCd laser. w argon excitation, however, was necessary to achieve satisfying results for intracellular glutathione quantification using MCLB.
Materials and Methods

CeZZ Culture
The Jurkat T-cell h e was cultivated in RPMI 1640 supplemented with 10% FCS using conventional cell culture conditions (37'C. 95% humidity, 5% GOLLER, KUBBJES COS). Human peripheral blood lymphocytes (PBLs) were isolated according the Ficoll Hypaque procedure. PBLs were cultivated in RPMI 1640.15 % FCS, 1% autologous serum, 2 x M alpha-thioglycerol (Sigma; Deisenhofen, FRG), with (BrdUlHoechst-PI analysis) or without 8 x M 5-bromodeoxyuridine (BrdU) and deoxycytidine, and stimulated with 5 pglml PHA (Boehringer; Mannheim, FRG). In the case of the BrdUlHoechst studies, cell culture and harvest were performed in the dark (8.14).
Staining Procedures
DAPIlHoechst 33258. Jurkat cells and PBLs were washed two times in cold PBS and incubated in DNA staining buffer containing 0.1 M Tris, pH 7.4, 0.9% NaC1, 1 mM CaCIz, 0.5 mM MgC12, 0.2% BSA, 0.1% Nonidet P40, and 2 pglml Hoechst 33258 or 10 pglml DAPI (Boehringer Mannheim). Incubation before analysis proceeded for at least 30 min at 4°C.
Hoechst 33342. Juikat cells and PBLs were washed once with medium and incubated for 30 min at 37°C in RPMI 1640110% FCS supplemented with 10 pglml Hoechst 33342 (Sigma). Cells were subsequently cooled on ice, pelleted at 4'C at 200 x g for 10 min, and resuspended in PBS (4'C). Flow cytometric analysis was done immediately thereafter.
BrdUlHoefhst 33258-PI. BrdU-labeled cells were pelleted and resuspended in DNA staining buffer (see above) supplemented with 1 pglml Hoechst 33258 and 10 Ulml RNAse A (Boehringer Mannheim). After 15 min of incubation at 4'C in the dark, 2 pglml propidium iodide (PI) (final concentration) were added for an additional 15 min. Flow cytometric analysis was performed within 6 hr (8,14).
Indo-1 Loading. Freshly isolated PBLs ( 5 x lo6 cellslml) were incubated with 3 pglml indo-1 acetoxymethylester (Boehringer Mannheim) for 45 min at 37'C in the dark in RPMI 1640110% FCS. Thereafter, cells were pelleted and re-suspended in RPMI 1640/10% FCS and were stored at room temperature in the dark until analysis. Cells were activated with an anti-CD3 antibody (Boehringer Mannheim) and subsequently cross-linked with anti-mouse IgG to elicit a Ca2' response.
Mondombimanelo-phtalaldehyde. MCLB (Molecular Probes; Eugene, OR) and OFT (Sigma) were dissolved in acetonitrile (100 mM). Jurkat cells were stained in PBS containing 20 pM MCLB (15) or 1 pM OPT (21) for 10 min at 37'C and were analyzed immediately.
Flow Cytometry
Samples were analyzed on a Cytofluorograf 11s flow sorter (Ortho Diagnostic Instruments) equipped with awater-cooled 5-W argon laser (Innova 90-5; Coherent, Palo Alto, CA) and an air-cooled HeCd laser (3074-20M; Omnichrome). The HeCd laser ran in multimode at 325 nm and the argon laser in multiline mode at 351 nm1364 nm (for technical details see ref.
16, p. 56). All fluorochromes were excited with 100 mW of the w argon laser or with 20 mW of the HeCd laser. In the excitation pathway two mirrors were used to align the laser beam. Data recording was performed with a 2151 computer (Ortho Diagnostic).
The blue fluorescence of the DNA-specific fluorochromes DAPI and Hoechst was selected by a K45 bandpass filter (Balzers; Liechtenstein). Cell doublets were excluded from the analysis recording peak and area values of the fluorescence signal. Cell cycle analysis was performed with the program MULTICYCLE (Phoenix Flow Systems; San Diego, CA).
The emission filters used for the BrdUlHoechst-PI quenching technique were RG630 (Schott; Mainz, FRG) for PI and K45 for Hoechst 33258. Doublets were excluded from analysis as indicated above. The cell cycle extraction was as described previously (8, 14) , and DNA histogram analysis was performed using the programs MCYCLE and MULTI2D (Phoenix Flow Systems).
For calcium analysis, four parameters were recorded as linear integrated signals. Forward scatter was used as trigger parameter. Total lymphocytes were gated from the forward vs 90' scatter cytogram. The violet and the blue fluorescence of indo-1 were analyzed by two bandpass filters 395125 nm and 510130 nm (Omega Optical Corp; Stamford, CT). The indo-1 ratio (violet to blue fluorescence) was calculated for each cell. Histograms were recorded at 6-sec intervals and were displayed as a function of time (4,6.13) . The mean of the indo-1 ratio and the percentage of responding cells were calculated with the MTIME program (Phoenix Flow Systems).
For analysis of cellular glutathione content, the fluorescences of MCLB and OFT were recorded by a K45 and a 530120 bandpass filter, respectively. Viable cells were gated from the forward versus right-angle scatter cytogram. Table 1 display no significant differences in the DNA staining of the GI-phase distribution (CV) of the ATspecific DNA fluorochromes DAPI, Hoechst 33258, and the viable cell fluorochrome Hoechst 33342 for both the human Jurkat T-cell line and stimulated PBLs. On the contrary, DAPI even gave improved CVs with HeCd excitation.
DNA Histogram Analysis
Cell Kinetic BrdU/Hoechst-PI Technique
The BrdUIHoechst-PI quenching technique represents a novel cell kinetic analysis revealing the complex heterogeneity of cell prolifer- sufficient to reveal cells in three subsequent cell cycles (first:
Go/GI, S, G21M; second: Gl', S', G21M; third: GI"). Calculation of the cell cycle distributions gave almost identical results (Tible 2) and comparable CVs of the GI-phase peaks (data not shown).
Variations of the PI and Hoechst 33258 concentrations (Hoechst 33258 0.5-4 Fglml; PI 1-4 pglml) did not significantly alter the qualitative and quantitative resolution of the bivariate BrdU/ Hoechst-PI cytogram. However, two major differences were observed with the different w-excitation wavelength: First, with 325-nm excitation the GZMIG1 channel ratio of the PI fluorescence of the first cell cycle increased to 1.85 ( Figure 2B ) in contrast to 1.23 (Figure 2A ) obtained with the 351/364-nm excitation. This improved first cell cycle resolution was found constantly with HeCd excitation (more optimal uv excitation of PI at 325 nm compared with 3511364 nm).
The second cell cycles exhibited similar G2M/G1 channel ratios for both lasers. Second, the overall quenching effect was less efficient for HeCd excitation (less decrease of the Hoechst fluorescence). However the BrdUIHoechst-PI cytogram still exhibited sufficient resolution of subsequent cell cycles (compare Figure 2A with Figure 2B ).
Ca2' Flux Analysis
Human PBLs loaded with indo-1 AM were stimulated with anti-CD3 antibody ( 5 pg/ml), which was subsequently cross-linked with antimouse IgG antibody (10 pg/ml). As shown in Figure 3 and summarized in Eble 3, the CV of the indo-1 ratio distribution increased approximately twofold applying the HeCd laser compared with the uv argon laser excitation (compare resting populations in Figures   3A and 3D) . The mean value for the increase of the Ca2+ level in activated PBh was 5.1 ( Figure 3B ) for t h e w argon excitation compared with 3.3 ( Figure 3E ) for the HeCd laser. However, discrimination of responding cells and resting cells was still sufficient with the HeCd laser ( Figure 3D ). The percentage of responding cells was about 10% lower with the HeCd laser (compare Figure 3C with Figure 3F ). Compared with the uv argon laser, however, one major disadvantage of the HeCd was the loss of separation of lymphocytes and monocytes according to their scatter parameters (data not shown). Except for the lower increase of the indo-1 ratio in activated PBh, the increased CV and the slightly higher numbers of non-responding cells are probably due to the presence of monocytes in the gated forwardlright-angle scatter cytogram. Figure 4A shows the fluorescence distribution of viable Jurkat cells For the second glutathione-specific fluorochrome OPT, however, the fluorescence intensity between negative and positive populations even increased slightly in spite of the fivefold less excitation power of the HeCd laser compared with the uv argon laser ( Figure   4B ).
Glutathione Content Analysis
Discussion
Several w-excitable fluorochromes are unique with respect to their cell physiological and cell genetic properties. However, application of many of these fluorochromes has been hampered by the lack of cheap and long-lived w-emitting lasers. Therefore, we compared an HeCd laser (325-nm) equipped with a retrofit kit for improved mechanical/optical stability and a w argon laser (351/364 nm) as single laser excitation source in an Ortho Cytofluorografflow cytometer (scatter, fluorescence). DNA histogram analysis applying the AT base-pair-specific dyes Hoechst and DAPI gave comparable results for both lasers in different cell systems, which agree with data published by Bigler (2) and Sheaffer et al. (19) . At least for DAPI, our findings indicate that even better results might be obtained in conventional flow cytometers with small air-cooled HeCd lasers (16) . In addition, viable cell sorting according to DNA content using Hoechst 33342 might be even more favorable with the lower w output of the HeCd laser.
Most of the flow cytometric analyses using the high-resolution BrdUIHoechst-PI cell kinetic technique were performed with uv arc lamp excitation (8, 14) , and only few data were obtained applying uv argon laser excitation (7). The GzMlGi channel ratio of the PI fluorescence of the first cell cycle is reduced considerably with both uv light sources, whereas normal cell cycle G2MIGi channel ratios are found for cells in the second and third cell cycles. Only with dual laser excitation (PI 488 nm, Hoechst UV) the first and subsequent cell cycles showed almost normal GzMlGi channel ratios of about 2:l. In the flow cytometric BrdUIHoechst-PI assay, PI is excited via energy transfer (Hoechst to PI) and direct w excitation. There is evidence that the HeCd laser at 325 nm excites PI more optimally. A normalization of the GzMIGi channel ratio that gives normal first cell cycle resolution probably is achieved if the relative amount of energy transfer to PI (BrdU quenching dependent) is decreased in comparison with direct PI laser excitation (10; and manuscript in preparation). For flow cytometric BrdU/Hoechst-PI cell kinetic analysis, the performance is superior with single HeCd laser excitation compared with other uv-excitation sources. It is assumed that ionized calcium is one of the most important second messenger systems in activated cells. Indo-1 is frequently used as a w-excitable, sensitive indicator dye for ionized calcium analysis in living cells by flow cytometry. Indo-1 has been excited with a uv argon or a uv krypton laser (13); however, the spectral properties of indo-1 should also allow excitation at 325 nm (absorption maxima 349 nm for the free anion and 331 nm for the calciumindo-1 complex) (3). The 351/364-nm excitation with an argon laser is more optimal for excitation of the free anion, whereas HeCd 325 nm fits better for excitation of the calcium-indo-1 complex.
Although the increase of the indo-1 ratio was higher with w argon laser excitation, time kinetics and percentage of positive cells were comparable. The HeCd excitation even resolves the Ca2+ release from intracellular stores (data not shown). In summary, our data show that HeCd 325-nm excitation for indo-1 gives small CVs of the resting population and is sufficient for high resolution Ca2+ flux studies.
Applying the 325-nm line of the HeCd laser for excitation of the glutathione specific fluorochrome MCLB (15), we failed to obtain complete discrimination of positive and autofluorescent cells.
Increasing the MCLB concentration from 20 pM to 500 pM did not improve discrimination of both cell populations. However, the excitation maximum of this fluorochrome is at 380 nm, and it might be expected that even higher excitation power of the HeCd 325-nm line might be insufficient to obtain qualitatively similar results compared with the uv argon laser lines (3511364 nm). On the contrary, the second glutathione-specific fluorochrome OPT (21) showed even better resolution and higher fluorescence intensity of labeled cells with the 325-nm HeCd laser excitation. The excitation maximum of OPT is at 340 nm and therefore is closer to the emission line of the HeCd laser compared with MCLB.
In contrast to Shapiro (17) , we failed to obtain good forward and right-angle scatter signals sufficient for PBL subpopulation analysis with the Ortho Cytofluorograf. It might be suggested that the divergence of the HeCd laser requires a different width of the obscuration bar. However, experiments using obscuration bars with 1-mm, 1.5-mm and 2-mm width gave comparable results and showed no improvement of scatter cytogram resolution. In our studies we used a multimode HeCd laser, and possibly this problem may be solved using a laser running in TEMoo mode. However, at least in dual laser systems with a small 488-nm air-cooled argon laser, excellent scatter signals might be generated and used as gating parameters for HeCd laser-derived w excitationdependent cell genetic/physiological parameters.
In addition to the laser optics, optical components in the excitationlemission pathways of various flow cytometers might also affect data quality and resolution. The discrimination of Ca2+ flux positive and negative cells is significantly improved substituting normal optical elements by w-capable optics in the Coulter Elite flow cytometer (Coulter Corp, Hialeah, n; personal communication). In the Ortho Cytofluorografwe found that the transmission below 380 nm is decreased significantly due to both the collecting lens and the fiber optics. This severely affects 325-nm side-scatter resolution. Improvements of uv transmission, however, increase signal intensity and scatter resolution (preliminary data not shown). In addition, optimizing optical elements in the emission pathway should significantly improve flow cytometric results with w fluorochromes that normally are suboptimally excited at 325 nm.
Despite the fact that HeCd lasers were introduced into flow cytometry ahost 15 years ago (18, 20) , only a few experimental flow cytometric data have been published. The major problems with HeCd lasers were their relative instability and their high noise background. However, in this report we have shown that the new generation of HeCd lasers with mechanical and optical improvements might be a good alternative to the very expensive w argon or krypton lasers as w-excitation sources in flow cytometers.
